Abstract. The enhancement of efficiency in gas turbine engines requires the development of new superalloys capable of withstanding higher temperatures. The development of novel industrial cast and wrought (C&W) disk alloys with required combination of strength, creep and fatigue resistances at 700°C is particularly desired due to the expensive cost of powder metallurgy. In this context, new C&W disk alloys were recently developed to fulfill these requirements. TMW4 shows higher properties than the current C&W disk alloy despite an expensive cost due to its high cobalt content, where as 718Plus presents a moderate cost with restricted creep properties at 700°C compared to the current U720Li disk alloy. The new nickel base superalloys developed by Aubert & Duval were therefore designed to offer a better compromise between high temperature properties at 700°C and cost. This paper describes the alloy metallurgical features and is especially focused on the alloy design which is extensively based on phase diagram modeling. The study was firstly carried out on small ingots of 6 kg to optimize the chemistry before forging 200 kg ingots by industrial processes. The ability to be processed by the conventional cast & wrought route and the control of the highly expensive elements contents confer to the alloys an attractive cost comparable to that of 718Plus alloy. The high amount of γ' and the molybdenum-tungsten levels insure higher creep and tensile properties than those obtained with 718Plus.
Introduction -Latest developments in C&W superalloys for turbine disks
The latest design of high-efficiency engines has high requirements for the mechanical properties and temperature capability of the key components, especially for the disks of the first stages of the turbine. Alloy development for turbine disk with high properties up to 700°C is consequently crucial in order to improve the thermal efficiency in gas turbine engines. 718 alloy which is extensively used for turbine disk is not capable of withstanding temperatures higher than 650°C due to the fast coarsening of γ'' precipitates above this temperature [1] . U720Li, which is strengthened by γ' phase, has a greater temperature capability and can be processed by the conventional cast & wrought (C&W) route [2] . However, U720Li is difficult to fabricate by the C&W route due to its high γ' prime volume content (45%) and can be considered as the limit of the C&W process capability. Because of this and because of its intrinsic raw material content, U720Li is significantly more expensive than alloy 718. TMW alloys were recently developed and apparently present better properties than those of U720Li [3] [4] . However, the high cobalt content (table 1) strongly affects the alloy cost which is significantly more expensive than that of other C&W superalloys (figure 1). 718Plus presents a moderate cost compared to current C&W superalloys [5] [6] due to a reasonable cobalt content and the presence of iron (table 1), but its mechanical properties are significantly lower than those of U720Li and TMW4. Thus, it can be considered that 718Plus and TMW4 do not improve the compromise between cost and mechanical properties currently offered by U720Li. In this context, Aubert & Duval has focused its research on developing a new C&W disk superalloy that would improve this compromise. This paper describes the alloy design, extensively based on phase diagram modeling, and the alloy properties. Cost of C&W Ni-based superalloys is mainly governed by Co, Ni and Nb contents which can be accounted for 75% in alloy cost. As shown in figure 1 , Co, Fe and Nb contents in Ni30 alloy chemistry were carefully controlled to obtain a cost equal or lower than that of 718Plus. Co and Nb contents were limited to critical values and Fe was added to consolidate a moderate alloy cost. Niobium was preferred to tantalum for economic reasons. Figure 1 also confirms that U720 and TMW4 alloys are significantly more expensive than 718Plus and Ni30 alloys.
The ability to be easily processed by the conventional C&W route is absolutely necessary to obtain a competitive alloy in terms of cost. This processing route requires a γ' fraction lower than those of U720Li and TMW4, a control of B, Zr and C contents to avoid a low incipient melting temperature and finally low contents of Ti, Nb and Mo which tend to segregate during solidification. Evolution of the liquid phase density during solidification, calculated from liquid composition (Thermo-Calc with Scheil module), may be useful to evaluate the tendency of freckles formation. The workability was evaluated with an internal parameter (Aubert & Duval experience) based on superalloy chemistry. As shown on figure 1, the workability of the new alloy is expected to be better than those of U720Li and TMW4, which should enable the alloy processing by C&W route. Microstructural stability is a key parameter to insure high properties for long-term aging in service. New superalloys were therefore strengthened by γ' phase which is more stable than γ'' for temperatures higher than 650°C. Md parameter at 700°C, calculated with γ matrix chemistry at 700°C (determined by Thermo-Calc), was used to evaluate the σ-proneness of new alloys [7] . Thermo-Calc was also used to estimate the fraction of TCP phases (µ, σ and P phases) at the equilibrium at 700°C. According to these two criteria, the new Ni30 alloy show a theoretical microstructural stability at least as good as those of U720Li [8] and 718Plus [9] High creep properties cannot be fulfilled with a low γ' fraction. The contents of γ'-former elements were consequently adjusted to obtain a γ' fraction at 700°C higher than that of 718Plus at this temperature. Ni30 alloy presents a γ' fraction close to 35% at 700°C (figure 3). Nb was selected in new alloys due to its beneficial effect on mechanical properties up to 2.5 wt% [10] : above this value, this element may be harmful especially for crack propagation. (Ti+Nb)/Al ratio is known to be a key factor in superalloy strengthening: Al atoms are partly substituted by Nb and Ti atoms conferring to the γ' phase a higher strengthening effect. Larger values of (Ti+Nb)/Al ratio lead to a change of the strengthening phase: this is the case for the 718 alloy which is mainly strengthened by γ'' phase. This ratio must be carefully controlled in γ/γ' superalloys: an excess of Ti and Nb for a fixed Al content may lead to the appearance of needle-shaped phases which are deleterious for alloys ductility [11] . It is well established that δ phase Ni 3 Nb is present in 718Plus (ratio=4.3) [6, 9] and that η phase Ni 3 Ti may occur in TMW4 (ratio=3) [12] . Thus, (Ti+Nb)/Al ratio was limited in new alloys to more reasonable values in order to avoid the precipitation of these needle-shaped phases (figure 3). Cr content was adjusted to obtain a sufficient Cr content in the γ matrix at 700°C. Finally, a special attention was paid to solid solution strengthening of γ matrix. In addition of Co, Mo and W were the selected elements for this way of strengthening. These elements are known to be beneficial for mechanical properties at high temperatures [13] but strongly affect the alloy density. Mo and W have been successfully adjusted with Thermo-Calc in order to obtain a higher solid solution strengthening at 700°C and a lower density than those of 718Plus (figure 4). Density was evaluated with the Hull method [14] which provides satisfactory results for superalloys. 
Experimental study -Microstructure and features of experimental alloys
Small ingots of 718Plus (as reference), Ni30, Ni33 and Ni40 alloys were produced through primary vacuum induction melting (VIM) and were hot extruded to 25 mm bars at a temperature above the γ' solvus. As seen on table 2, Ni33 and Ni40 can be considered as Ni30 derivatives and have the following differences with Ni30 alloy: Ni33 has a higher γ' amount whereas Ni40 has a higher (Ti+Nb)/Al ratio (table 2) . 718Plus samples were heat treated with the standard heat treatment 955°C/1h/air + 790°C/8h/air + 700°C/8h/air. New superalloys Ni30, Ni33 and Ni40 were subsolvus solution heat treated (1050°C to 1080°C depending on γ' solvus) and aged at 760°C/8h/Air + 650°C/24h/Air. As shown on figure 5, similar grain sizes (5 to 6 ASTM) were obtained on experimental alloys. All alloys are γ' strengthened and two of them (Ni40 and 718Plus) present a needle-shaped phase at grain boundaries. Nodular γ' phase localized at grain boundaries (primary γ') were not observed due to the temperature of extrusion which was above the γ' solvus. Subsolvus solution heat treatment for new superalloys Ni30, Ni33 and Ni40 leads consequently to an intragranular bi-modal distribution of γ'. 
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Alloy properties and discussion
Density measurements reveal that 718Plus density was equal to 8.3 g.cm -3 and was higher than that measured on Ni30 and Ni33 alloys: these new alloys have a density close to 8.23 g.cm -3 . Tensile tests performed at 700°C show that yield and ultimate tensile strengths of the new alloys are clearly higher than those of 718Plus. Ni40 and Ni33 alloys, which respectively have a higher (Ti+Nb)/Al ratio and a higher γ' fraction compared to Ni30 alloy, show higher tensile strengths. It confirms that these γ' phase parameters markedly influence tensile strength. Creep tests performed in air at 700°C show that secondary creep rate of the new alloys are significantly lower than that obtained on 718Plus. In the same manner, creep rupture life of the new alloys, especially Ni30 and Ni33 ones, are clearly higher than that of 718Plus, with a 5 to 7 times creep rupture life improvement. Creep ductility of Ni40 alloy was lower than those of other experimental alloys: it strongly suggests that the needle-shaped phase observed in this alloy (figure 5) is responsible for this loss of ductility. As indicated on figure 7, η phase precipitation is predicted by Thermo-Calc for (Ti+Nb)/Al ratios larger than 2.9. This parameter must be therefore carefully controlled to avoid the precipitation of this deleterious phase. However, the precipitation of η phase is not exclusively controlled by (Ti+Nb)/Al ratio: Co and Fe may also have an effect by promoting the precipitation of this phase.
Final evaluation of selected alloys and future prospects
Based on these results, Ni30 and Ni33 were selected because of their better properties. VIM-VAR (Vacuum Arc Remelted) ingots were produced to confirm the better compromise between cost and properties offered by these new grades. Results confirm that Ni30 and Ni33 alloys can be easily processed by the conventional route ( figure 8 ) and that mechanical properties of new C&W superalloys are significantly better than those of 718Plus (figure 9) for an equivalent cost. Mechanical properties (figure 9) were obtained on 718Plus and U720Li on forged disks (from industrial heats): grain size was close to 10 ASTM and cooling rate after solution heat treatment was equal to that realized on Ni30 and Ni33 alloys (air cooling on small blanks).
Conclusions
Aubert & Duval has developed new C&W superalloys which present a moderate cost increase compared to 718 alloy: the alloy cost is similar to that of 718Plus and lower than those of other γ/γ' C&W superalloys (U720Li, TMW4). High γ' fractions (35 to 40%) associated with a high solid solution strengthening of the matrix explain that tensile and creep properties of these new alloys are clearly higher than those of 718Plus. Mechanical properties of Ni30 and Ni33 are at least similar to those of U720Li. Long term aging is going to be performed to confirm the good theoretical microstructural stability. Based on these first results, it should be possible to extend performance capabilities, in terms of cost and properties, of most current C&W superalloys for turbine disks.
